SUMMARY Preservation solutions for short-term storage of isolated donor corneas for use in penetrating keratoplasty have all been based on tissue culture medium, on the assumption that media designed to maintain the viability of cells at physiological temperatures will also provide suitable conditions for preservation at reduced temperatures. But for hypothermic preservation of some other tissues and organs, when ionic pumps are inhibited, it is unnecessary to support metabolism, and beneficial control of ion and water distribution between intra-and extracellular compartments is achieved by storage in appropriately formulated 'intracellular-type' solutions. We have therefore designed a solution that will restrict ionic imbalances and minimise endothelial cell swelling in corneas during exposure at reduced temperatures. This potassium-rich solution contains the biological pH buffer TES as an impermeant anion and is designated CPTES (cornealpotassium-TES). The structural and functional integrity of rabbit corneas stored at 00C in CPTES, without the addition of colloid osmotic agents, is compared with that of corneas stored in glutathione bicarbonate Ringers' solution (GBR), an 'extracellular-type' medium formulated for the maintenance of endothelial integrity during in-vitro perfusion at 340C. Corneas swelled significantly less during storage in CPTES than in GBR and could be stored for five days before reaching the same degree of hydration as corneas stored for only three days in GBR. Gross structural integrity and endothelial ultrastructure were maintained during storage for three and five days in CPTES. The rate of thinning of corneas stored in CPTES was significantly greater than in comparable groups of corneas stored in GBR. However, the efficient dehydration of corneas stored in CPTES was always preceded during perfusion by a brief period of additional swelling which was shown to be an osmotic response during the elution of the buffer compound TES that had permeated the stroma during storage. The omission of calcium or the addition of adenosine and glutathione to the CPTES preservation medium had no detectable effect on the integrity of the endothelium, but the omission of bicarbonate was beneficial, producing significantly higher rates of stromal thinning during normothermic perfusion. Additional benefits for extending storage by including colloid osmotic agents are described in a companion paper.
post-mortem changes in the composition of the aqueous humour are known to make it unsuitable, even toxic, as a medium for bathing the endothelium during storage.'-5 Furthermore, swelling of the cornea during 4°C storage makes it difficult to achieve contiguity of the graft with the host bed. Such problems have led to the practice of excising the cornea and storing it in a suitable medium separated from the eyeball. ' However, adoption of storage techniques in clinical practice has often proceeded in advance of the establishment of a firm specification for what constitutes a suitable medium for hypothermic storage of corneas. In the past decade preservation solutions have been based on TC199 tissue culture medium with the addition of either dextran (M-K medium),' polyvinylpyrrolidone,7 or glycosaminoglycans (K-SOL)"' as oncotic agents to limit the degree of tissue oedema during storage. With this approach effective preservation of corneas for penetrating keratoplasty has been extended to about one week."' However, the particular balance of ions and molecules in tissue culture medium is designed to maintain the metabolic status of cells in vitro at physiological temperature and therefore will not be optimal for maintaining the ionic and hydraulic balance within corneal endothelium at reduced
temperatures.
An approach that has proved beneficial in the hypothermic storage of organs and other tissues assumes that, at reduced storage temperatures, it is unnecessary to support metabolism, and that the normal distribution of water and ions between the intracellular and extracellular compartments can be maintained by physical rather than metabolic means.' Since during the period that metabolic pumps are inactivated the driving force for sodium loading and potassium depletion from the cells is the difference in ionic balance between the intraand extracellular fluid, and the driving force for water uptake (cell swelling) is the impermeant intracellular anion, these changes should be prevented or restricted by immersion of the tissue in an appropriate 'intracellular-type' solution.
With this objective in mind we have advocated the use of a hyperkalaemic balanced salt solution (CPTES) containing an impermeant anionic buffer, N-tris (hydroxymethyl) methyl-2-aminoethane sulphonic acid (TES), as an appropriate bathing medium for the low temperature preservation of corneas.'" The sulphonic acid buffer, TES, is one of a family of zwitterionic compounds which have found widespread use as highly effective biological pH buffers at both physiological and reduced temperatures. 12 Studies which examine extended storage in CPTES with the addition of colloid osmotic agents are described elsewhere.`1
Material and methods
Corneas were excised from the enucleated eyes of New Zealand White rabbits (2-3 kg) as previously described.' For storage at 0C polypropylene vials containing 5 ml of the preservation medium were placed in an evacuated Dewar flask containing ice which was itself placed in a 40C refrigerator for the storage period. Isolated corneas, supported on plastic rings, were immersed endothelial side uppermost in the precooled storage solution. At the end of the storage interval corneas were either mounted in the perfusion chamber of a specular microscope to assess endothelial function or processed for microscopy as described previously."I '5 In the standard procedure for specular microscopy isolated corneas were perfused for 6 h at 340C with glutathione bicarbonate Ringers' solution (GBR) as previously described." In some cases, as indicated below, alternative perfusion solutions were used to assess particular aspects of stromal swelling and hydration during specular microscopy. The ionic composition of these various solutions is given in Table 1 , and the precise formulation of CPTES in terms of both the weight and millimolar concentrations of the constituent salts and other chemicals is provided in Table 2 . The structural integrity of the endothelial layer was assessed by light microscopy after vital staining with trypan blue and alizarin red S.2' Ultrastructural examination of the endothelium in some stored corneas was carried out using transmission electron microscopy as described previously.'5 STORAGE CONDITIONS Endothelial integrity was evaluated after storage for either one or three days at 0WC in either GBR or CPTES solutions having the compositions given in Table 1 . Additional groups of corneas were stored for CPTES without the addition of CaC12; CPTES with the addition of adenosine and reduced glutathione in the concentrations normally present in GBR; bicarbonate-free GBR and bicarbonate-free CPTES in which the NaHCO3 (30 mmol/l) was replaced with 30 mmol/l NaCl; and finally GBR/TES in which 100 mmol/l of chloride in the standard GBR solution was replaced with 100 mmol/l TES. One additional group of corneas was stored in CPTES at 0WC for five days.
ANALYSIS
As in previous studies,"' 's measurements of stromal thickness for individual corneas were scheduled at the same time intervals during perfusion, and the change in thickness was normalised with respect to initial values determined immediately after enucleation. This procedure enabled mean percentage changes (± 1 SEM) in stromal thickness for a group of corneas treated in a particular way to be evaluated as a mean normalised response curve. The rate of stromal swelling or thinning during perfusion was calculated from a regression analysis of the response curves to provide a measure of the efficiency of the endothelia in controlling stromal hydration. The Tukey-Kramer method for unplanned comparisons was used as described by Sokal and Rohlf'' for comparing regression coefficients in this analysis.
Results

EXTENT OF CORNEAL SWELLING DURING STORAGE
In all experiments the initial thickness of each cornea was measured in situ before dissection by mounting the enucleated eye under the specular microscope. The mean thickness of the corneas used in these experiments was 317 [tm (SD= ±23). Fig. 1 shows the mean increase in stromal thickness sustained by each of the groups of corneas during storage at 0C when the metabolic pumps responsible for normal control of tissue hydration are impaired or retarded. Corneas stored overnight in GBR swell to the same extent as that reported for rabbit corneas that were stored in moist chambers without excision from the whole eye. Under these conditions the endothelium was bathed throughout with aqueous humour.2 24 Corneas stored for the same length of time in CPTES (with or without Ca+), however, swell only about half as much; that is, corneas stored in CPTES were significantly thinner than those stored in GBR (p<O005). Similarly, after three days' storage the swelling of corneas bathed in CPTES was significantly less than for the corresponding group of corneas stored in GBR (p<O-OO1). The omission of calcium or the addition of adenosine and reduced glutathione did not influence the degree of swelling in corneas stored in CPTES for three days at 00C (Fig. 1) . The omission of bicarbonate, however, led to higher mean thicknesses for groups of corneas stored in either CPTES or GBR. Corneas stored in GBR/TES swelled significantly less than corneas stored in normal GBR (p<0-05); the extent of swelling was equivalent to storage in CPTES. Fig. I also shows that corneas stored in CPTES do not double in thickness until after five days' storage, whereas corneas stored in GBR attain this degree of swelling in only three days.
MORPHOLOGY
Light microscopy
The structural integrity of corneal endothelium was retained following storage in CPTES for three and five days at 00C. Examples of the intact endothelia observed both immediately after five days' storage at 00C and after a further four hours' perfusion at 340C are shown in Fig. 2A and B respectively. (Fig. 3A,B) . There was some slight oedema localised within the interdigitated cellular processes of the basal region after both treatments, while samples stored in GBR also showed slight swelling of rough endoplasmic reticulum, increased invagination of the nucleus, and a distinct profileration of Golgi vesicles. Mitochondria showed similar reversible changes in corneas stored in both GBR and CPTES.
After five days' storage in CPTES (Fig. 3C ) the endothelium was moderately swollen, and in a small number of samples there was minor localised detachment from Descemet's membrane, though apical Fig. 5A shows that, for the group of corneas stored for three days in CPTES at 00C an identical rate of thinning was preceded by stromal swelling for 90 minutes when these corneas were perfused with GBR at 340C. An additional group of corneas were stored in CPTES for three days and then perfused at 340C for two hours with GBR followed by bicarbonate-free medium (BCFR) for a further four hours. Fig. 5B shows that during the second phase of perfusion, when the bicarbonate pump was switched off, these corneas did not thin but swelled further, thus confirming that the deturgescence recorded during the second phase for those corneas perfused throughout with GBR ( Fig. 5A ) was due entirely to active endothelial pumping.
When corneas stored under identical conditions were perfused with GBR/TES instead of GBR they did not swell at the beginning of the perfusion. Fig. 5A shows that these corneas began thinning immediately and eventually reached a plateau at a constant thickness throughout the remaining period of perfusion. The role of a functioning endothelium in controlling the hydration of these corneas is further demonstrated in Fig. 6 by induced swelling when the preparation was perfused with medium that does not contain CO2 or bicarbonate ions (BCFR/ TES).Ix Under these conditions the bicarbonatedependent pump is inactivated and the cornea swells at 25 [tm/h. This swelling was reversed at the same rate when the cornea was again perfused with GBR/ TES. Fresh corneas perfused with GBR/TES alone for six hours retained the integrity of the endothelial layer as illustrated in Fig. 2C .
Corneas stored for three days in GBR at 0C showed a normal 'temperature reversal' response when perfused with GBR at 340C (Fig. 7) . However, corneas stored at 0C for three days in GBR containing 100 mmol/l TES (GBRITES) showed a biphasic response during subsequent perfusion with GBR at 340C that was similar to that of corneas stored in CPTES and perfused with GBR. Fig. 7 shows that initially the stroma swelled for 90 min before an active dehydrating mechanism was apparent. standard CPTES solution. Fig. 8 shows that the stromal thickness curves can be superimposed, having the same biphasic profile as that shown in Fig. 5A Fig. 8 Comparison of the mean stromal thickness curves derived for groups ofcorneas after storage for three days at 00C in either calcium-free CPTES (A) or CPTES containing glutathione and adenosine (0). All corneas were perfused at 340C with GBR. free group but was significantly different from the group stored in CPTES when compared at the 95% level but not the 99% level of confidence (Table 3) .
The endothelium of corneas stored for three days in solutions from which bicarbonate was omitted dehydrated the swollen stroma at a greater rate than the comparable groups of corneas stored in equivalent solutions containing bicarbonate. Table 3 shows that the maximum rate of stromal dehydration was observed in the group of corneas stored in bicarbonate-free CPTES. The Tukey-Kramer analysis, comparing the regression coefficients of all groups, shows that the rate of stromal thinning was significantly greater after storage in bicarbonate-free CPTES than after storage for three days in any of the other solutions (p<0.01).
Corneas stored for five days in CPTES also showed a distinctive biphasic curve for the proportional change in stromal thickness during perfusion. Fig. 9 shows that this group of corneas swelled by 100% of their initial thickness during the storage interval and by a further 47% during the initial two hours of perfusion; therafter these corneas thinned very efficiently at 15-2 (SEM 0-5)% per hour. for clinical use today. Most storage solutions in popular use are based on a conventional tissue culture medium to provide ionic support for the tissue during the preservation period. These media are specifically designed to maintain the metabolic status of cells during in-vitro incubation at normothermic temperatures. However, it has been suggested that, with the application of hypothermia, One consequence of storing tissue in bicarbonatefree medium would be the lack of effective protonbuffering. However, the incorporation of 100 mM TES in CPTES provides efficient pH buffering in the absence of bicarbonate should this prove to be important for improved hypothermic storage of corneas.'2' TES is one of a family of sulphonic acid derivatives having high solubility and low chemical toxicity which have been used very effectively as biological buffers.'2 4272X As a pH buffer (for example, in tissue culture applications) these zwitterionic compounds are generally used at a concentration in the range 10-25 mM. However, as described previously," 12 100 mmol/l TES is included in the preservation solution to act as an impermeant anion during hypothermic preservation, and this concentration of sulphonic acid buffer is known to be tolerated by a variety of cells, tissues and organs." 122729 Garlick et a129 discovered a positively beneficial effect of supplementing Krebs-Henseleit buffer solution with 100 mM HEPES (N-2-hydroxyethyl) piperazine-N'-2-ethane sulphonic acid) for the control of acidosis in perfused hearts. They concluded that both the rate and extent of cellular acidification are significantly reduced when 100 mM HEPES was included and also that this concentration of HEPES has a significant protective effect on the ischaemic myocardium.29 In the present study the experiments in which preserved corneas were perfused with GBR/ TES showed that corneal endothelium remains metabolically active and fully functional during six hours' perfusion in the presence of 100 mmol/l TES at physiological temperatures. The structural integrity of the endothelium was also confirmed after six hours' perfusion with GBR/TES (Fig. 2C) . It is concluded, therefore, that 100 mM TES has no detectable detrimental effects on the structural and functional integrity of corneal endothelium either at normal or at reduced temperature. On the contrary, storage of corneas in the 'intracellular-type' solution, CPTES, was clearly beneficial for restricting stromal swelling during hypothermic storage and yielding corneas that could deturgesce more efficiently than after storage in the 'extracellular-type' solution, GBR.
Further benefits of preventing corneal swelling during hypothermic storage in CPTES are realised by incorporating colloid osmotic agents such as polyvinylpyrrolidone or chondroitin sulphate, as described elsewhere. 18 l We are grateful to Mr David Chapman. who provided excellent technical help for these studies. 
